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Abstract 
In this work we present our approach to realize an industrial process that allows cell efficiencies up to and above 21%. Based on 
a loss analysis we systematically investigate the feasible options to improve the efficiency with device simulations and 
production experiments. Subsequently we perform sensitivity analyses particularly for various silicon wafer materials to ensure 
stable process capability. Our best prototype process with optimized front and rear side passivation and enhanced laser contact 
patterning has demonstrated a maximum efficiency of 20.9% with a very high VOC of 670mV on high-lifetime mono material. 
We were able to assemble 60-cell based modules with more than 305Wp. 
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1. Introduction 
Currently the PERC technology (passivated emitter and rear cell) is on the transition from pilot to mass 
production. Efficiencies over 20% and few over 21% have been demonstrated on large area p-type silicon wafers [1 
and references therein]. However, the transfer into real mass production remains extraordinarily challenging. It 
depends not only on the optimized cell efficiency, but crucially on the process capability. We recently developed a 
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method that allows a prediction of the efficiency distribution for a cell concept under different scenarios [2], the 
therein described metamodeling approach is applied in this work to simulate the sensitivity of the cell process for 
several optimizations and different wafer materials. 
2. Initial Device simulation  
2.1. Loss analysis  
The starting point of the optimization is a loss analysis of the current PERC cell [3] based on 2D Sentaurus 
Device simulations (Fig. 1, left side) [4]. The state-of-the-art physical models described in reference [5] are applied. 
To obtain the defect input parameter of the passivated surface for our simulation, we measured the injection 
dependent lifetime of cleaned, double-sided passivated and fired lifetime samples. By fitting the obtained curve with 
a SRH model we extract the surface recombination parameters of electrons and holes Sn/p and the effective rear 
surface recombination velocity Srear. The dielectric fixed charge density (Qf) of the passivation layer has been 
obtained by capacitive voltage (CV) measurements. The emitter saturation current density J0e has been obtained by 
applying the method of Kane and Swanson [6] to double-sided diffused and passivated lifetime samples. The result 
of this simulation is analyzed in terms of power losses. The Pareto graph for the recombination losses is shown in 
Fig. 1 (right side). Thereby, we separate the remaining recombination losses into front, rear and base contributions at 
the different operating conditions: short-circuit, maximum power point (MPP) and open-circuit [7]. 
 
 
 
 
 
 
 
 
 
 
The main recombination losses occur at the rear and the front side. Hence, these components of the PERC cell 
have the highest potential for optimization. In the following sections we theoretically and experimentally 
demonstrate the improvements to reduce the recombination at the rear and the front. Subsequently, we show in 
section 4 the influence of the base for further improvements.  
2.2. Model prediction for the minimization of front and rear side recombination 
In order to understand and predict the promising improvements we vary the emitter saturation current density 
(J0e) and the rear surface recombination velocity (Srear). Furthermore, an inhomogeneous local BSF depth and doping 
density has been simulated by varying one of two contacts in the two dimensional device simulation domain. These 
variations have been done in a systematic, central composite Design of Experiments (DoE). A polynomial Response 
Surface Model (RSM) is obtained from these simulations by a regression analysis. The RSM contains all the mutual, 
non-linear interactions between the device parameters and can be used for predictions. In Fig. 2 we show the 
predicted response of the cell parameters to these simulated variations.  
 
 
 
 
Fig. 1. (a) left: 2D Sentaurus Device simulations model domain with front side metallization (1), selective - (2) and homogeneous emitter (3), 
rear side passivation (4), local rear contacts (5) with local BSF (6); (b) right: Recombination loss Pareto of the PERC cell at the different 
operating points. 
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By reducing the recombination losses cell efficiencies above 20.1% are predicted. Additionally, other cell 
parameters (Jsc, Voc, FF) can be determined for different settings of influencing variables. This variable model 
allows us to understand and evaluate the production experiments. 
3. Experimental optimization results 
3.1. Experimental setup 
We use the standard wafer format a 156 x156 mm2 p-type wafer with an as-cut thickness of 180 μm and 1-3 Ωcm 
base resistivity. Saw damage removal and texturing were done using alkaline solutions. The emitter is formed by 
POCl3 diffusion and a selective emitter was implemented to ensure a low contact resistance to the front side 
metallization. The rear side passivation stack was adjusted in respect of low surface recombination velocity Srear, 
high internal reflection and thermal stability. The rear contacts were implemented with a local BSF underneath. In 
terms of contacting the emitter and base we used standard screen printing technologies. 
3.2. Optimization results 
As evident in Fig. 1 (right) the main recombination occurs at the rear side. We separate the rear side 
recombination into recombination occurring at the contacts and at the passivated rear surface. Thereby one major 
impact on the cell performance is the inhomogeneous local BSF formation (depth and doping: see Fig. 2). We are 
able to strongly improve the quality of the local BSF by optimizing the laser patterning process for rear contact 
formation. On the front side we improve the emitter by carefully optimizing the tradeoff between recombination 
Fig. 2. Predicted response graph for variations in the PERC device model for optimal parameters 
428   Gerd Fischer et al. /  Energy Procedia  55 ( 2014 )  425 – 430 
losses and series resistance loss. Moreover we are able to improve the recombination at the passivation layer by 
varying the conditions of the deposition. In Fig. 3 we show the cell results of the improved passivation deposition.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The results of this optimized cell design are in excellent agreement with the initial predictions (Fig. 2) of the 
device model for optimal parameters within the variation.  
4. Sensitivity analysis of bulk material properties 
As a next step we investigate the sensitivity of the cell process to different wafer materials. In Fig. 4 we show the 
cell efficiency as a function of base resistivity and excess carrier lifetime at different settings of the rear contact 
pitch, i.e. the distance between two rear contacts. The experimentally found combinations of base resistivity and 
low-level injection excess carrier lifetime for different materials are indicated. 
Fig. 3. Experiment for improved front and rear passivation 
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The optimal base resistivity depends on the excess carrier lifetime. In general, for a given lifetime a lower base 
resistivity is preferable. This is due to a lower series resistance contribution of the base and a higher potential 
difference at the junction. With the application of advanced wafer materials we are able to use an optimal wafer 
resistivity with nevertheless high lifetime. The pitch of the rear contacts has to be optimized according to the base 
resistivity. However, it should be mentioned that a lower pitch has generally a lower sensitivity to the lifetime as 
indicated in Fig. 4. As a result of our simulation we predict median efficiencies over 20.5% for our current process.  
5. Latest results  
Currently our best median efficiency on a 200 wafer group processed on low-resistivity, low-oxygen mono 
material has reached 20.2% efficiency with a fairly small standard deviation of 0.07%. Our best prototype process 
has demonstrated median efficiency of 20.47% with very high VOC up to 670mV on high-lifetime mono material. 
From both processes we were able to assemble 60-cell based modules with more than 305Wp*.  
 
 
 
 
 
 
 
 
Fig. 4. Device Simulation - Predicted efficiency contour plot 
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     Table 1. Experimental cell results of 200 wafer group production experiments and subsequent runs with module assembling. 
Material  Mean St. Dev. Median Max.  60-cell based module* 
low-resistivity, 
low-oxygen mono 
efficiency / 
% 
20.18 0.070 20.18 20.31  Pmpp / W 305.25 
 JSC / mA/cm2 38.51 0.065 38.53 38.63  ISC / A 9.93 
 FF / % 78.70 0.133 78.72 78.94  FF / % 76.8 
 VOC / mV 665.7 1.032 665.9 667.3  VOC / V 40.01 
high-lifetime 
mono 
efficiency / 
% 
20.46 0.081 20.47 20.62  Pmpp / W 305.63 
 JSC / mA/cm2 38.90 0.157 38.96 39.09  ISC / A 9.86 
 FF / % 78.64 0.414 78.66 79.32  FF / % 77.0 
 VOC / mV 668.8 0.794 668.9 670.4  VOC / V 40.22 
*independently confirmed by TÜV Rheinland  
 
With reduced shading from the front metallization we were recently able to demonstrate a best cell with 20.9% 
efficiency (independently confirmed by Frauenhofer ISE CalLab) and a median efficiency of 20.8%.  
These close-to-production processes are being further optimized according to the presented methodology. 
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